Reactivation of memory can cause instability necessitating the reconsolidation of the trace. This process can be blocked by amnestic treatments administered after memory reactivation resulting in subsequent memory deficits. While the basolateral amygdala (BLA) is known to be crucial for reconsolidation, evidence for a contribution of the hippocampal CA1 region has only started to accumulate. Moreover, the effect of a reconsolidation blockade in CA1 has only been evaluated behaviorally, and it is unknown whether this manipulation has a long-term effect on neuronal activity. We combined optogenetic and high-resolution molecular imaging techniques to inhibit cell firing in CA1 following the reactivation of a fear memory in mice, evaluated memory performance and imaged neuronal activity the next day upon reexposure to the conditioning context. Blocking memory reconsolidation led to severe memory impairments that were associated with reduced neuronal activity not only in CA1 but also in CA3 and the BLA. Thus, our results indicate that CA1 is necessary for reconsolidation and suggest the involvement of a CA3-CA1-BLA network in the retrieval of contextual fear memory. Further investigations of this network might contribute to the validation of new brain targets for the treatment of pathologies such as posttraumatic stress disorders.
Introduction
Evidence has accumulated that consolidated memories might not be stored as stable representations but that retrieval renders them labile and susceptible to exterior influences. To regain stability, memories have to be restabilized or reconsolidated Przybyslawski and Sara 1997; Nader et al. 2000a Nader et al. , 2000b . This reconsolidation process can be tampered with when promnestic or amnestic treatments are administered shortly after retrieval (for reviews, see Sara 2000; Besnard et al. 2012) . For example, electroconvulsive shocks or infusion of a protein synthesis inhibitor (Nader et al. 2000a; 2000b) administered after retrieval impair subsequent memory brain network supporting the restabilization of the memory trace is still unclear. Nevertheless, a critical role for the basolateral amygdala (BLA) has been established in the reconsolidation of fear and drug memory in rodents (Nader et al. 2000a; 2000b; Debiec et al. 2006; Hellemans et al. 2006 ; Lee et al. 2006; Tronson et al. 2006) . Importantly, the amygdala shares reciprocal connections with the hippocampus (Pitkänen et al. 2000) , and hippocampal function integrity is necessary for the retrieval of contextual fear conditioning memory (Phillips and LeDoux 1992; Hall et al. 2001; Strekalova et al. 2003; Lee and Kesner 2004) . Moreover, recent evidence pointed to an involvement of the hippocampal subfield CA1 in the reconsolidation of memory traces, since infusion of protein synthesis inhibitors (Debiec et al. 2002; Rossato et al. 2007) or transcriptional regulator Zif268 (zinc finger protein 268) antisense oligodeoxynucleotides ) following fear or object recognition memory retrieval cause severe amnesia. However, it remains unclear whether CA1 is a key player for the reconsolidation processes, for example, whether it is necessary for the restabilization of the trace, as it is the case for the memory consolidation (Shimizu et al. 2000) . In addition, the effects of tampering with the restabilization of the memory trace have, to date, only been investigated behaviorally. Hence, it is not known whether the long-term effect of such a manipulation is supported by changes in neuronal activity nor, if the manipulation is restricted to CA1, whether these changes are exclusively local or extend to areas that would belong to same functional network (e.g., a more global effect).
Thus, to elucidate the specific contribution of CA1 to the restabilization of the memory and evaluate long-term effects of destabilizing the memory trace on neuronal activity, we interfered with the restabilization of a contextual fear conditioning memory trace by infecting CA1 pyramidal cells with ArchT (archaerhodopsin from Halorubrum strain TP009), a light-driven outward proton pump, which allows for optogenetic inhibition of cell firing in CA1 shortly after the retrieval of the contextual fear memory (Fig. 1) . Subsequently, we investigated memory performance and patterns of brain activation in CA1, CA3, and the BLA during memory retrieval the next day by using high-resolution molecular imaging. This imaging technique is based on the detection of the immediately early gene (IEG) Arc (activity-regulated, cytoskeleton-associated protein), which has been especially linked to plasticity processes and cognitive demands, is commonly used as a marker of cell activation in the medial temporal lobe and allows for each cell activated during retrieval to be identified (Guzowski et al. 1999; Nakamura et al. 2013 ; for review, see Sauvage et al. 2013 ).
Materials and Methods

Virus
The virus (AAV5.CAMKII.ArchT.GFP.WPRE.SV40; titer: 1.8e13 [GC/ mL]) was purchased from Penn Vector Core (Philadelphia, PA, USA). The CAMKII promoter limits its expression to pyramidal cells. The virus is tagged with green fluorescent protein to allow for the evaluation of its spread.
Animals
Eight-to 12-week-old male C57BL/6 mice bred at the RuhrUniversität Bochum were used. Mice were single-caged, allowed to acclimate to the housing rack for 1 week before the surgery, and remained in the rack 1 week after surgery. All procedures were approved by the Ruhr-Universität Bochum Institutional Animal Use Committee and the LANUV (84-02.04.2013.A419).
Five animals were used for electrophysiology, and 23 animals participated in the behavioral experiment.
Stereotactic Surgery for Virus Injection and Fiber Implantation
Mice were anesthetized by using ketamine 10 mg/kg and xylazine 20 mg/kg and placed into a stereotactic frame (Kopf Instruments, Tujunga, CA, USA). A heating pad was used to control body temperature, and eyes were coated with a moisturizing balm. Additional ketamine was applied to maintain anesthesia, when necessary. The fur covering the head was shaved and covered with betadine. The skin of the skull was opened and held on the side by clamps. Stereotactic coordinates were taken from bregma and marked with a pencil. Craniotomy was performed using a drill with a 1-mm-wide drill bit (Proxxon, Foehren, Germany). Three microliters of virus or saline were thawed and pipetted onto a piece of parafilm put on the skull. The virus was withdrawn into a 10 µL syringe with a 30-µm gauge glass fiber pipette attached to it (World Precision Instrument, Sarasota, FL, USA). The syringe was moved above the injection site and slowly lowered above CA1. Per injection site, 1 µL of virus was delivered at a flow rate of 0.1 µL/ min with the help of an injection pump. The pipette was left in place for 5 min after injection and then slowly withdrawn. The virus was injected at 2 sites bilaterally (Site 1: anteroposterior [AP] −1.5 mm from bregma, mediolateral [ML] ±1 mm, dorsoventral [DV] −1.5 mm; Site 2: AP −2.5 mm, ML ±2 mm, DV −1.5 mm, coordinates adapted from Goshen et al. 2011) .
For implantation of the fiber, bilateral craniotomy was performed at AP: −1.94 mm from bregma, ML: ±1.25 mm) using a 0.4-mm-wide drill bit. Approximately 1 mm anterior from the implantation sites, two 0.5-mm-wide screws were inserted into the skull. The surface of the skull was thoroughly dried and scratched with a scalpel blade. A holder was designed to place the 1.5-mmlong LED fiber stub implant above its implantation site. The stub was then slowly lowered until the plastic base of the optical fiber touched the skull. Several layers of dental cement (X200 Automix) were applied around the fiber stub and hardened with UV light. Once the fiber was securely attached to the skull and the mounting screws, the holder was slowly moved up (Fig. 1B shows the location of the implants).
In Vivo Electrophysiology/Optogenetic
One week after the surgery, animals were anesthetized with isoflurane and put into a stereotactic frame. Craniotomy was performed at the previous injection sites. An optrode was lowered into the brain in 100-µm steps up to a depth of 2 mm.
Optrodes were built by fusing a glass-coated tungsten recording electrode (2-3 MΩ) to a 200-µm-thick optical patch cable (Plexon Inc.) with a maximal tip-to-tip distance of approximately 500 µm. For optical stimulation, the optrode was connected to an LED driver system (Plexbright, Plexon Inc., 465 nm, ∼20 mW output at the fiber end). For simultaneous electrical recording, the electrode was coupled with an amplifier (model 1800 microelectrode AC amplifier; gain, 10 kHz; 300 Hz-10 kHz bandpass; A-M Systems), noise eliminator (50/60-Hz Hum Bug noise eliminator; Quest Scientific), and A/D converter (CED Power 1401 mk, Cambridge Electronic Design, Cambridge, UK, 20 kHz sampling rate). Single-unit and multiunit potentials were analyzed using Spike 2, version 7 (Cambridge Electronic Design). Per cell, 10 trials were recorded (70 s per trial: 30 s baseline, 10 s blue light, 30 s baseline; 465 nm, ∼20 mW output). Of note, a blue light stimulation was chosen, because yellow LEDs did not provide sufficient outputs and the action spectrum of ArchT has been shown to extend into the blue range (Han et al. 2011; Chuong et al. 2014 ). In addition, Huff et al. 2013 showed that 15 min of continuous light stimulation can block cell firing in ArchT-transfected cells for the whole duration of the illumination. Firing rates and interspike intervals during baseline and light stimulation were analyzed with a MA-TLAB software. For further analyses, firing rates were normalized to baseline (30s before light stimulation). After recording, mice were perfused with 4% paraformaldehyde for histological analysis.
Evaluation of Virus Spread
Perfused brains were cut into 30-µm-thick coronal sections with a cryostat (Leica CM 3050 S) and mounted on Polylysine slides (Thermo Scientific); glycerol was used for coverslipping. Virus spread was assessed on digital images captured with a Keyence Fluorescence Miscroscope (BZ-9000E; Japan) using ×4 and ×10 objectives. Animals that did not show at least half of CA1-expressing ArchT, or in which the expression extended into other areas, were excluded (n = 3).
Histological Evaluation of Fiber Placement
Some of the slides were also rehydrated with graded alcohols (100%, 75%, and 50%), rinsed with distilled water, and stained using 75% Cresyl Violet, and glycerol was used for coverslipping. Digital images were acquired using a brightfield filter with a Keyence Fluorescence Microscope (BZ-9000E; Japan), and placement of the implants was assessed (Fig. 1B) . Two animals had to be excluded, because the fiber termination site was too ventral.
Fear Conditioning Apparatus
The fear conditioning system (Coulbourn Instruments, Allentown, PA, USA), a 26 × 26 × 38 arena with plexiglass walls, was equipped with a stainless steel grid floor for shock delivery. Contextual cues were created with a speaker delivering white noise, a dim light attached to the walls and cues provided by the soundproof box surrounding the arena. Outside the arena, 2 infrared sensor rings were installed to detect mouse movement.
Behavioral Procedure
Mice were divided into 4 groups: Virus + Reexposure + Light (n = 5), Virus + Reexposure (e.g., no Light; n = 5), Virus + Light (e.g., no Reexposure; n = 4), and Saline + Reexposure + Light (n = 4). All groups underwent virus injection and fiber implantation except the Saline + Reexposure + Light group, which received a saline injection instead of virus. All testing was performed in quadruplets of 1 animal per group. The behavioral procedure was adapted from Sauvage et al. 2000 and consisted of 3 sessions on 3 consecutive days: conditioning, reexposure, and test ( Fig. 2A) .
During conditioning (Day 1), animals were placed in the arena for 5 min. After 2.5 min of free exploration, an unsignaled 1 mA footshock was given for 2 s. After another 2.5 min, the mice were removed and returned to their home cage.
On Day 2 (reexposure), mice in the Virus + Reexposure + Light group were reexposed to the arena for 90 s. Immediately after this reactivation session, the animals were placed back into their home cage, where they were briefly anesthetized with isoflurane so that 2 fiber-optic patch cables could be connected to the fiber stub implants with ceramic mating sleeves. As soon as the animals woke up (within seconds), a 15-min constant light stimulation (465 nm, ∼20 mW output at fiber tip) was delivered via the optic cables, in their home cage. This stimulation was given with an LED driver system (Plexbright, Plexon Inc.). After 15 min, the light was turned off, the fiber stubs removed and the mice were returned to their housing rack, still in their home cage. Inhibition of CA1 cell firing by light aimed to interfering with the restabilization of the previously reactivated trace, thereby impairing subsequent memory performance. The Saline + Reexposure + Light was exposed to the same experimental conditions, but the light stimulation was expected to be ineffective since no virus had been injected. Mice in the Virus + Reexposure group were reexposed to the arena but did not receive light stimulation. Thus, the labile trace was expected to restabilize without interference and the memory for the context/footshock association to be intact. The Virus + Light group was not reexposed to the arena but received 15 min of light stimulation. Since the memory was not reactivated in this group (no exposure to conditioning context on Day 2) and thus not labile, the light stimulation was expected to have no effect on the strength of the memory trace. The memory for the association of the context with the shock was assessed in all groups on Day 2 (but for the Virus + Light group, which was not exposed to the learning context then) by measuring freezing levels during the first 90 s of the "reexposure" session. A significant increase in freezing level compared with the baseline on Day 1 served as an indicator of successful retrieval (see "reexposure" freezing levels in Fig. 2B ).
On Day 3 (test), all animals were reexposed once more to the conditioning arena. The memory for the association of the context with the shock was again assessed by measuring freezing behavior (see "test" freezing levels in Fig. 2B ).
To ensure that experimental conditions remained stable, the fear conditioning set-up was placed in a soundproof box in a room that was only used for this experiment. The same experimenter tested all animals, and the arena was thoroughly cleaned with distilled water and 10% ethanol after each session.
Behavioral Analysis
Conditioned suppression of activity, for example, percent freezing or relative resting time, was taken as indicator of fear conditioning (Rammes et al. 2000; Sauvage et al. 2000; Lux et al. submitted.) . The increase in percent freezing compared with conditioning baseline was calculated by subtracting the resting time (ms) during the first 90 s before the shock was delivered on conditioning day (baseline resting time) from the resting time (ms) during the first 90 s of the test or reexposure sessions, and dividing this resulting time by the baseline resting time and multiplying the end result by 100: Freezing (%) = 100 × ([rest time during test or reexposure sessions − baseline resting time]/baseline resting time).
Fluorescent In Situ Hybridization
Immediately after the test session, mice were decapitated, and brains were removed and flash frozen with iso-pentane. To address stereological concerns (West 1999) , brains were sectioned into 8-µm-thick sections with a Cryostat (Leica CM 3050S) and mounted on Polylysine slides (Thermo Scientific) that were stored at −80°C.
The plasmid for generating Arc antisense and sense RNA probes was provided by T. Kitsukawa (Osaka University, Japan). The plasmid contained an approximately 1.2 kb Arc transcript including intron regions. Arc pre-mRNA probes were synthesized with a digoxigenin-labeled UTP kit (Roche diagnostics). The protocol for fluorescent in situ hybridization (FISH) was adapted from Guzowski et al. (1999) and performed as described in Beer et al. 2013 Beer et al. , 2014 . Briefly, brain sections were fixed with 4% buffered paraformaldehyde and rinsed with 0.1 M PBS. After treatment with an acetic anhydride/triethanolamine/hydrochloric acid mix, they were rinsed again and soaked with a prehybridization buffer. The slides were then hybridized with a digoxigeninlabeled antisense Arc intron-enriched riboprobe overnight at +65°C. After rinses with SSC buffer solutions, the slides were treated with an anti-digoxigenin-horseradish peroxidase (HRP) conjugate (Roche Molecular Biochemicals). The signal was amplified using a cyanine-5 substrate kit (CY5, TSA-Plus system, Perkin Elmer). Nuclei were counterstained with 4′,6′-diamidino-2phenylindole (DAPI; Vector Laboratories). As a control for probe specificity, extra slides were hybridized without probes or with Arc antisense probes. There was no Arc labeling detectable in those slides.
Image Acquisition and Evaluation of Arc Signal
One slide that contained the CA1, the CA3, and the BLA was processed per animal and analyzed (approximately −1.94 AP) (Fig. 3A) . On each slide, 3 out of 6 nonconsecutive brain sections (distant ∼50 µm each) were used to capture 3 images of each area of interest covering approximately 300 µm per area. Images were captured with a Keyence Fluorescence Microscope (BZ-9000E; Japan). The images had 1360 × 1024 pixels (362 × 272 µm 2 ) and were taken with a ×40 objective in z-stacks of 0.77-µm-thick pictures. Exposure time, light intensity, and contrasts were held constant to optimize the appearance of intranuclear labeling (Vazdarjanova and Guzowski 2004) . To address stereological concerns, counting was performed on 8-µm nonadjacent sections that contained 1 layer of cells (West 1999) . If 1 or 2 characteristic red dots were visible in the DAPI-labeled nucleus, cells were considered Arc positive. The percentage of Arc positive cells was calculated as: number of Arc positive cells/(number of Arc positive cells + number of Arc negative cells) × 100. Because all groups were exposed to the exact same experimental conditions, but one (e.g., the light illumination, the first reexposure or the virus injection), between-groups comparisons of Arc expression are thought to reflect the impact of each differing parameter on neuronal activity, respectively.
Statistical Analysis
Electrophysiological Study Changes in CA1 cell firing before, during, and after light stimulation were tested using a 1-way ANOVA with post hoc Tukey tests.
Freezing Levels
One-sample t-tests were used to compare performance to zero. A 2-way ANOVA was performed to test differences between groups during reexposure and test. Further between-group comparisons were performed separately for reexposure and test sessions using 1-way ANOVAs with post hoc Tukey tests. Within-group comparisons between reexposure and test days were performed using paired t-tests.
Arc Imaging
Between areas, differences were assessed using 2-way ANOVAs. Within-area comparisons were performed with separate 1-way ANOVAs, followed by post hoc Tukey tests. One-sample t-tests were used to compare Arc levels to zero. To reduce Type-I error and keep Type 2 errors low, only a priori hypotheses were tested.
Results
Optogenetic Inhibition of Neuronal Firing by Restricted Expression of ArchT in CA1 Hippocampal Regions
Before behavioral experiments could be performed, we verified that neuronal firing could be inhibited specifically in CA1 regions using the stereotaxic injection of AAV expressing ArchT. Histological analysis of the expression of the outward proton pump ArchT showed that its expression was restricted to CA1 and did not extend into other areas (Fig. 1A) . In addition, we verified that fiber tips terminated dorsal to CA1 in all animals to allow targeted illumination and found no evidence for tissue damage nor any other obvious structural alterations (Fig. 1B) . Also, as expected, stimulation of ArchT with blue light led to the inhibition of spontaneous activity in CA1 pyramidal neurons as population analysis from all recorded neurons showed significantly reduced CA1 cell firing in ArchT-transduced mice during light pulses as opposed to before or after pulses (F 2,30 = 101.64, P < 0.0001, post hoc Tukey: light vs. pre or post: both Ps < 0.0001; pre vs. post: P = 0.734; normalized firing rates: prepulse = 100%; light pulses = 34.14 ± 19.9%; postpulses = 104.14 ± 9.91%; Fig. 1 C,D) .
Light-Controlled Inhibition of CA1 Cell Firing upon Memory Retrieval Leads to Severe Subsequent Memory Deficits
Having shown that we are able to specifically inhibit CA1 neuronal activity, we next investigated whether CA1 activity was necessary for memory reconsolidation. To do so, we used a contextual fear conditioning paradigm ( Fig. 2A) according to which mice were placed in an arena they could freely explore, subsequently 2 ("reexposure"), freezing levels were evaluated by briefly reexposing mice to the conditioning chamber, consecutively to which cell firing was optogenetically blocked in CA1 by stimulating ArchT with the aim of destabilizing the reconsolidation of the memory trace. On Day 3 ("test"), freezing to the conditioning context was again measured and brains were collected upon completion of the task for imaging. (B) Memory performance (freezing levels) during the "reexposure" and the "test" sessions. While freezing levels during the first reexposure to the conditioning context were comparable in all groups (green bars), memory performance at test (blue bars) was reduced only in mice that had undergone inhibition of CA1 cell firing compared with that of the control groups that had been only reexposed to the conditioning context (without light stimulation), only received light stimulation (no reexposure), or had been injected with saline instead of ArchT. Error bars are mean ± SEM. "o"
indicates a significant comparison with 0 at P < 0.05; "*"group comparisons at P < 0.05. inhibition of cell firing in CA1. Task-induced Arc expression in CA1 at test mirrored behavioral performance as it was lower in the group that underwent CA1 cell firing inhibition the day before. This was true for both the area directly exposed to light stimulation and a control region of CA1. (C) Imaging of CA3 and BLA activity 1 day after inhibition of cell firing in CA1. Likewise, task-induced Arc expression in CA3 and the BLA was also reduced at test, indicative of a long-term global network effect following the local inhibition of cell firing in CA1. Error bars are mean ± SEM. "o" indicates a significant comparison with 0 at P < 0.05; "*"group comparisons at P < 0.05.
to which they received a footshock (Day 1: "conditioning"). The memory for the association of the context with the footshock was tested the next day by placing the mice in the same context and evaluating freezing levels, and the reconsolidation of the memory trace tampered with by inhibiting cell firing in CA1 shortly after the beginning of the exposure (Day 2: "reexposure").
The effects of this manipulation on the memory for the contextfootshock association and the concomitant neuronal activity were assessed 1 day later by exposing mice a third time to the arena (Day 3: "test").
Between-groups comparisons of freezing levels at test (i.e., 1 day after inhibition of cell firing by light in CA1) showed that animals from the Virus + Reexposure + Light group displayed significantly lower freezing levels than those observed in the 3 control groups. This indicates a reduction in the strength of the memory for the footshock/context association (F 3,17 = 5.54, P = 0.010; post hoc Tukey: Virus + Reexposure + Light vs. Virus + Reexposure P = 0.021; vs. Virus + Light P = 0.049: vs. Saline + Reexposure + Light P = 0.019, all other comparisons n.s; Fig. 2B ). Importantly, freezing levels during the reexposure session (1 day before test) did not differ between groups, indicating that all groups were conditioned to a similar extent (F 2,13 = 0.41, P = 0.672) and were significantly higher compared with that of a No-Shock control group from a previous experiment, which was exposed to the same experimental conditions but did not receive a footshock, reflecting successful conditioning (Virus + Reexposure + Light: 75 ± 15.5%; Virus + Reexposure: 60 ± 10.1%; Saline + Reexposure + Light: 77 ± 16.4%; No-Shock control group: 18.79 ± 7.5%; any group vs. No-Shock: all Ps < 0.027; Lux et al. submitted).
The finding that light-controlled inhibition of cell firing in CA1 leads to reduced memory performance was further confirmed by a significant group × day interaction effect (interaction effect: F 2,22 = 6.5, P = 0.006; group effect: F 2,22 = 5.28, P = 0.013; day effect: F 1,22 = 1.31, P = 0.264). In addition, within-group comparisons revealed that only the Virus + Light + Reactivation group displayed lower freezing at test than during the reexposure session (t (4) = 4.8, P = 0.009; Virus + Reexposure or Saline + Reexposure + Light groups: both ts (4) < 1.13 and Ps > 0.251), indicative of a weakening of the strength of the memory trace only in this group.
Reduction of CA1 Neuronal Activity at Test Identifies the Involvement of a CA3-CA1-BLA Network in Memory Retrieval
To investigate the effect of inhibiting cell firing in CA1 upon the retrieval of the memory trace on long-term neuronal activity, we first compared the amount of neurons activated during the behavioral task at test between CA1 inhibited and control animals. We used Arc mRNA levels as a measure of neuronal activity. One day after inhibition of CA1, Arc RNA levels were significantly lower in CA1 in the Virus + Reexposure + Light group compared with those observed in the 3 control groups (CA1 under the implant: F 3,17 = 5.06, P < 0.014, post hoc Tukey: Virus + Reexposure + Light vs. control groups: all Ps < 0.037; CA1 control: F 3,17 = 9.83, P < 0.001, post hoc Tukey: Virus + Reexposure + Light vs. control groups: all Ps < 0.009, all other comparisons: n.s; CA1 vs. CA1 control: F 3,35 = 13.54, P < 0.0001; area: F 1,35 = 0.87, P = 0.357; interaction: F 3,35 = 0.06, P = 0.977; see Figure 3A for the location of counting frames, Figure 3B ,C for imaging results and Figure 4 for example pictures of Arc imaging). Since "CA1" frames were directly located under the implants and activity levels did not differ between these frames and more distal CA1 frames, it suggests that the light stimulation per se did not cause any advert effects on CA1 function. In addition, no obvious structural damage was observed in the CA1 frames located directly under the implant after Crezyl violet histological analysis.
Furthermore, inhibition of cell firing in CA1 also reduced the percentage of Arc positive cells in the BLA and CA3 1 day after inhibition (Fig. 3C) . Indeed, Arc levels were significantly lower in the Virus + Reexposure + Light group in the BLA compared with the 3 control groups (F 3,17 = 8.86, P < 0.002, post hoc Tukey: Virus + Reexposure + Light vs. control groups: all Ps < 0.013, all other comparisons n.s.). Similar results were found in CA3 where Arc levels were reduced in the Virus + Reexposure + Light group versus the control groups with only reexposure or with saline injection instead of virus (F 3,17 = 4.2, P = 0.026, post hoc Tukey: Virus + Reexposure + Light vs. Virus + Reexposure: P = 0.029 or vs. Saline + Reexposure + Light: P = 0.076; vs. Virus + Light n.s., but a larger SEM in this group might explain this result rather than a true difference between this group and the 2 other control groups since comparisons between control groups were also n.s).
In addition, Arc levels in the group with destabilized memory trace were either comparable to that observed in a home cage group which was exposed to the testing room in a previous experiment and did not undergo the memory test (CA3: baseline Arc level: 2.8 ± 1.2%; F 4,17 = 8.87, P < 0.001, post hoc Tukey: Virus + Reexposure + Light vs. home cage: n.s. while home cage vs. all control groups: Ps < 0.014), or only mildly elevated in comparison to the difference in Arc levels reported between any of the control groups that recalled the fear memory and the home cage group CA1: baseline Arc level: 3.5 ± 1.3%; F 4,17 = 16.57, P < 0.001, post hoc Tukey: Virus + Reexposure + Light vs. home cage: P = 0.012; home cage vs. all control groups: Ps < 0.001; Lux et al. submitted). These comparisons with baseline Arc levels indicate that increased Arc levels reported in control groups are due to memory recall and that the reduction thereof observed in the group in which the memory trace was destabilized likely reflects a failure to recall this memory.
Taken together, these data bring evidence of long-term and global network effect of the local inhibition of cell firing in CA1 on neuronal activity.
Discussion
We provide the first direct evidence that a temporally controlled inhibition of CA1 cell firing upon retrieval of a memory trace impairs memory performance the following day, suggesting a crucial role of CA1 in the restabilization/reconsolidation of memory traces. Furthermore, we show a concomitant reduction of neuronal activity in the inhibited group compared with mice with intact memory, not only in CA1 but also in interconnected brain regions, that is, CA3 and the BLA, suggesting the involvement of a CA3-CA1-BLA network in the retrieval of contextual fear memory.
Our results provide for the first time causal evidence for a critical role of CA1 in memory reconsolidation. Earlier studies had also suggested a contribution of CA1 to this process, for example, injection of the protein synthesis inhibitor anisomycin into the dorsal hippocampus immediately after memory retrieval led to impaired memory performance (Debiec et al. 2002; Rossato et al. 2007 ). However, in contrast to an optogenetic approach, this approach did not allow for a causality link to be demonstrated, for example, the reports showed that CA1 was participating in this process, but not that it was necessary. Indeed, one of the caveats of using drugs is that their spread can rarely be controlled as very few compounds are labeled since it might interfere with their mechanism of action. Hence, it cannot be fully ruled out that drugs might diffuse outside of the target area and that adjacent brain areas contribute at least in part to the effects observed. Another caveat of using drugs is that their effects cannot be precisely timed. For example, infusion of drugs such as anisomycin does not allow for a characterization of the specific time frame during which reconsolidation occurs since protein synthesis is inhibited for 6-9 h after application (Wanisch and Wotjak 2008) . Both these issues can be circumvented using optogenetic techniques since stimulations can be temporally controlled; hence, insights into the critical time window for reconsolidation can be gathered (Liu and Tonegawa 2010) , and since it can also be controlled that the inhibition of the cell firing is restricted to the targeted area by evaluating the expression pattern of the injected fluorescent opsin (see Fig. 1A) .
Thus, our results show that CA1 is necessary for the reconsolidation of memory traces and that it contributes to this process within the first 15 min that follow memory retrieval. Since reconsolidation depends on protein synthesis in the hippocampus, as infusion of protein synthesis inhibitors before or after retrieval impairs memory performance the following day (Debiec et al. 2002; Artinian et al. 2007 Artinian et al. , 2008 Rossato et al. 2007) , we speculate that inhibition of CA1 cell firing during this time frame might impair very early stages of protein synthesis, thereby influencing a cascade of events that eventually result in an alteration of protein synthesis by affecting, for example, the synthesis of key mRNAs.
Within this frame, numerous studies have reported a critical role of the immediate early gene Zif268 in reconsolidation (Bozon et al. 2003; , which mRNA's expression peaks between 10 and 20 min after high-frequency stimulation in the hippocampus (Richardson et al. 1992) . Alternatively, the reconsolidation impairments reported in this study could also result from an alteration of CA1 function. The technical approach we have chosen does not allow for the specific characterization of the mechanism that is affected during the optogenetic challenge; hence, further investigations will be required to tackle this issue.
In addition, we show here the potential involvement of a global network in the retrieval of memory traces as opposed to a local mediation of this process by CA1. Until now, the effect of the blockade of reconsolidation had only been shown at a behavioral level, through the evaluation of memory performance. Our study is the first to show that memory impairments observed the day following the reconsolidation blockade correlate with decreased neuronal activity compared with animals with intact memory. Furthermore, the reduction in neuronal activation was apparent not only in CA1, where cell firing was inhibited, but also in CA3 and the BLA, suggesting that these areas might form a critical network for the retrieval of contextual fear conditioning. This precise network has not been described to date, but receives further support from tract-tracing studies showing strong connections between these brain areas (for reviews, see Amaral and Witter 1989 and Pitkänen et al. 2000) . Since CA3 is believed to contribute to memory retrieval via pattern completion, that is, the retrieval of memory representations based on partial representations or single elements of a representation used as retrieval cues (Nakazawa et al. 2002; Rolls 2013) , pattern completion might be at play for the retrieval of contextual information (Rudy and O'Reilly 2001; Lee and Kesner 2004 ; for reviews, see Nakazawa et al. 2004; Rudy et al. 2004; Kesner 2007) . Hence, 1 possible way that contextual fear memory would be retrieved within the CA3-CA1-BLA network is that once the memory representation is completed in terms of contextual information, it could be further processed in CA1 (known to be critically engaged in the retrieval of fear memory; Hall et al. 2001; Strekalova et al. 2003; Lee and Kesner 2004) and acquire at this level its emotional valence based on information that would be drawn from the BLA via the subiculum (Phillips and LeDoux 1992; Pitkänen et al. 2000) . Thus, we speculate that during the retrieval of contextual fear conditioning CA1 might integrate the contextual representation that emerges from CA3 with its emotional value based on BLA inputs. Testing this hypothesis is beyond the scope of this study and will require further investigations.
Of note, reconsolidation has also been considered by some as a facilitation of the extinction of memory traces. We argue that, within the frame of our study, this interpretation is unlikely for a number of reasons. Extinction has been reported to require several presentations of the conditioned stimulus, which go along with a gradual decrease of the fear response (i.e., freezing level; Rescorla 2001) . In the present study, a single reexposure to the conditioned context was sufficient to impair behavioral performance. In addition, while reconsolidation is thought to alter initial memory traces, the extinction process is believed to involve the learning/encoding of new information and the formation of distinct memory traces (Bouton 1993; Rescorla 2001; Suzuki et al. 2004 ). Even though de novo learning relies on activity-dependent changes in the hippocampus (Moser et al. 1994; Wirth et al. 2003) that might have been blocked by our optogenetic manipulation, the patterns of cellular activation in animals that underwent inhibition of cell firing in CA1 qualitatively resembles patterns observed in controls with intact memory. Only the overall activation was much lower. Hence, even though this is highly speculative, this similarity in activation patterns might be indicative of a weakened memory trace rather than indicative of the formation of a completely new memory trace. Finally, recent evidence indicates that a brief exposure to the conditioning context (such as 90 s in this study) would rather trigger a reconsolidation process, whereas a longer exposure is required to induce memory extinction (Debiec et al. 2002; Eisenberg et al. 2003; Pedreira and Maldonado 2003) . Hence, the optogenetic manipulation in the present study is more likely to have affected the restabilization of the memory trace and its reconsolidation rather than to have facilitated its extinction.
Thus, taken together our results provide strong evidence that intact CA1 function is necessary for the restabilization of memory traces as even a time-limited inhibition of CA1 led to severe subsequent memory deficits. In addition, our imaging results suggest the existence of a CA3-CA1-BLA network that would be crucial for the retrieval of contextual fear memory and possibly entrained by CA1. This is suggested by the fact that the reconsolidation blockade restricted to CA1 reduced activation levels upon memory retrieval not only in CA1 but also in CA3 and BLA 1 day after blockade. Building upon studies investigating the role of CA1 in consolidation processes, our data show that CA1 is not only a main player in the consolidation of memory, but also plays a crucial role each time a memory trace is retrieved. Our results shed light on new brain targets for the study of the reconsolidation and the retrieval of fear memory that could be of use for pathologies such as posttraumatic stress disorders. Further investigations will be needed to determine the specific role of each of these areas within the frame of these processes.
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